The usage of recycled polymers for industrial purposes arises as one of the most promising methods of reducing environmental impact and costs associated with scrapping parts. This paper presents a systematic study of the dimensional stability of a raw and 100% recycled polypropylene subjected to realistic environmental conditions occurring along its working life. The component studied is an internal part of an induction hob assembly. Industrial samples manufactured with both materials, in the same mold, and in the same injection machine, are subjected to ejection conditions, storage conditions (50 • C), and extreme performance conditions (80 • C). Induced dimensional changes are registered and analyzed using a coordinate measuring machine, and a tactile sensing probe. To verify the process capability of the samples manufacturing, C p and C pk values are calculated to evaluate the suitability of the recycled material as an alternative. Results conclude that, although the use of recycled material implies slight differences in terms of dimensional stability due to the changes induced in the polymer structure, these differences are not significant enough to affect the injection process capability. Therefore, recycling arises as one effective method to reduce both overruns associated with the consumption of raw polypropylene material and its environmental impact.
Introduction
The annual growth in polypropylene (PP) consumption has been increasing again during the last years, after the severe decline suffered ten years ago due to the economic crisis [1] .
This new trend leads to higher prices imposed by producers as well as higher amounts of waste due to plastic cuts and scraps that result in significant overruns. On the other hand, waste material may follow different end-of-life treatments, from which landfilling or incineration cause the highest environmental impact [2] . At this point, recycling stands out as a much more environmental-friendly alternative end-of-life treatment for polymers as it has also been promoted by specific key actions by the European Union [3, 4] . One of the approaches to sustainability that has been gaining momentum in recent years is the circular economy, which encourages industries to convert waste back to materials through recycling [5] [6] [7] [8] [9] . Other strategies working on the same idea are reusing, reparability, refurbishment, and remanufacturing [10] . 
Materials and Methods

Materials
Two PP materials filled with 40% of talc are used for the tests, a raw PP Hostacom HBC 309 NAT, and a 100% recycled one, E-RIALFILL H 07 40 T ( Table 1 ). The recycled one is a polymer obtained from post-industrial PP waste materials, tracked to ensure that only pure propylene free of impurities is used. Table 1 . General properties of materials.
Raw Recycled
Density (g/cm 3 ) The component selected for the study is an internal part of an induction hob assembly that must meet several dimensional requirements to fit with other parts of the induction hob ( Figure 1 ). The overall nominal dimensions are 472.6 mm × 534 mm and its nominal thickness is 1.8 mm.
Polymers 2019, 11, x FOR PEER REVIEW 3 of 17
Materials and Methods
Materials
Two PP materials filled with 40% of talc are used for the tests, a raw PP Hostacom HBC 309 NAT, and a 100% recycled one, E-RIALFILL H 07 40 T (Table 1) . The recycled one is a polymer obtained from post-industrial PP waste materials, tracked to ensure that only pure propylene free of impurities is used. The component selected for the study is an internal part of an induction hob assembly that must meet several dimensional requirements to fit with other parts of the induction hob ( Figure 1 ). The overall nominal dimensions are 472.6 mm × 534 mm and its nominal thickness is 1.8 mm. 
Dimensional Tests Methodology
Sample components were obtained by an injection mold in a Negri Bossi 8000H-6700 (Negri-Bossi, Cologno Monzese, Italy) injection molding machine [43] , at a melting temperature of 
Sample components were obtained by an injection mold in a Negri Bossi 8000H-6700 (Negri-Bossi, Cologno Monzese, Italy) injection molding machine [43] , at a melting temperature of 240 • C, injection time of 4.5 s, packing pressure of 30 MPa for 2 s, and a further cooling time of 20 s. The same injection parameters were used for both materials. All the samples were injected on the same day and with the same mold after the stabilization of the process. Fifteen samples of each material were measured under three different temperature conditions with the same exposure time of 48 h. A preliminary test, named as M 0 , was conducted after having the stabilized parts under lab conditions at a room temperature of 20 ± 0.5 • C. This setting represents the average standard temperature conditions of the component just after having been injected. Since M 0 is the absolute dimension measured during the test, ∆M 0 is the dimension measurement referenced to nominal dimension (M nom ) calculated as:
Then, a second test named as M 1 was conducted by introducing the samples into a Memmert CTC256 environmental test chamber, (Memmert, Schwabach, Germany), at a temperature of 50 • C for 48 h. After this time, samples were stabilized at 20 • C for 24 h [44] . This second test represents a medium/high-temperature condition storage situation, similar to those found in the place where these parts are stored for some time before they are ready to be assembled, which is the most critical situation in the assembly chain regarding temperature. 50 • C is the maximum temperature that the stored components reach during summer. Measurement values registered under these conditions were named as M 1 . The difference in dimensions between the samples at 50 • C and the samples at room temperature, ∆M 1 , both referred to M nom , is calculated from the Equation (2):
where M 1 = dimension measured after being heated at 50 • C M nom = nominal dimension M 0 = dimension measured at room temperature ∆M 1 = dimension variation between samples heated at 50 • C and samples at room temperature.
In order to reproduce temperature variations that take place on the samples performing their function into the assembly, reaching extreme performance temperatures close to 80 • C and cooling them to a standard temperature later, they were again heated up to 80 • C for 48 h and, then, stabilized under lab conditions of 20 ± 0.5 • C for 24 h [44] . This maximum performance temperature of 80 • C is the highest temperature that the part reaches. It has been measured with thermocouples after running an induction hob for several hours under stress conditions. Results of this third test were named as M 2 . The difference in dimensions between samples at 80 • C and at room temperature, ∆M 2 , both referred to M nom , is calculated from Equation (3):
where M 2 = dimension measured after being heated at 80 • C M nom = nominal dimension M 0 = dimension measured at room temperature ∆M 2 = dimension variation between samples heated at 80 • C and at room temperature.
Shrinkage behavior of the samples between two different temperatures above room temperature, 50 and 80 • C, is also calculated from Equation (4):
where, Dimensions that will be analyzed at M 0 , M 1 , and M 2 conditions are critical in terms of assembly and functionality. They are the ones locating part edges on the assembly frame, as described in Figure 2. -D1 is the cartesian distance from fixing point 1 on the left edge of the part to fixing point 1 on the right edge. To determine the measurement of this distance, the line joining fixing points 1 and 3 is taken as a reference in such a way that D1 is normal to it. D1 nominal value is 534 ± 0.6 mm. -D2 is the cartesian distance from fixing point 2 on the left edge of the part to fixing point 2 on the right edge. To determine the measurement of this distance, the line joining fixing points 1 and 3 is taken as a reference in such a way that D2 is normal to it. D2 nominal value is 534 ± 0.6 mm. -D3 is the cartesian distance from fixing point 3 on the left edge of the part to fixing point 3 on the right edge. To determine the measurement of this distance, the line joining fixing points 1 and 3 is taken as a reference in such a way that D3 is normal to it. D3 nominal value is 534 ± 0.6 mm. -D4 is the cartesian distance from fixing point 4 on the upper edge of the part to fixing point 4 on the lower edge. To determine the measurement of this distance, the line joining fixing points 4 and 5 is taken as a reference in such a way that D4 is normal to it. D4 nominal value is 472.6 ± 0.6 mm. -D5 is the cartesian distance from fixing point 5 on the upper edge of the part to fixing point 5 on the lower edge. To determine the measurement of this distance, the line joining fixing points 4 and 5 is taken as a reference in such a way that D5 is normal to it. D5 nominal value is 472.6 ± 0.6 mm. Shrinkage behavior of the samples between two different temperatures above room temperature, 50 and 80 °C, is also calculated from Equation (4):
where, ∆M50-80 is the difference in measures between samples heated at 50 and 80 °C. ∆Mi is the difference in measures between the dimensions at Mi conditions and those at room temperature; both referred to the nominal dimension. M1 = dimension measured after being heated at 50 °C M2 = dimension measured after being heated at 80 °C Dimensions that will be analyzed at M0, M1, and M2 conditions are critical in terms of assembly and functionality. They are the ones locating part edges on the assembly frame, as described in Figure 2 . To locate the component and record measurements data, a Zeiss PMC 876, (Carl Zeiss, Oberkochen, Germany) coordinate measuring machine was used [45] . The tactile scanning probe used was a Vast XT (Carl Zeiss, Oberkochen, Germany), [46] , and the metrology software was Calypso (Carl Zeiss, Oberkochen, Germany) [47] . The base reference system was placed in the locating tool to automatize measurements from this baseline once the tool was in the measuring machine [44] . Figure 3 shows this base reference system. The component was always supported on the tool in the same way: first on the XY plane, then on the XZ plane, and finally, on the YZ plane to ensure that the component location was repeatable.
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Process Capability Tests Methodology
To examine the suitability of recycled PP for the injected component from the point of view of quality controls during manufacturing, process capability is analyzed for both raw and recycled materials. Twenty-five new samples of each material were obtained by injection molding in the same conditions as described in the previous section. 
To examine the suitability of recycled PP for the injected component from the point of view of quality controls during manufacturing, process capability is analyzed for both raw and recycled materials. Twenty-five new samples of each material were obtained by injection molding in the same conditions as described in the previous section.
Two representative dimensions of the width and height of the component (D1 and D4) were selected according to the critical assembly criteria to analyze the process capability. D1 and D4 were measured in the Zeiss PMC 876 coordinate measuring machine (Carl Zeiss, Oberkochen, Germany). It has been checked that measurements followed a normal distribution using the Anderson−Darling normality test. The reference system used was the same as the one used for dimensional tests, described in Figure 3 . Process capability is calculated from parameters C p and C pk , which are obtained from Equations (5) and (6) . Low C p values are related to high variability with respect to the specification values, whereas low C pk values imply that the process is not centered between the specification limits.
where, C p stands for process capability to produce parts within the tolerance specification limits, C pk stands for process capability to produce parts within the tolerance specification limits and near its nominal value, C pu stands for the value between the process mean and the upper specification limit, C pl stands for the value between the process mean and the lower specification limit, USL is the upper specification limit, LSL is the lower specification limit.
Provided that measurements follow a normal distribution, σ is the standard deviation of the measures µ is the average value of n measured samples x i calculated as:
where n = 25; x i is the value of each dimension for sample i. Table 2 shows dimension measurements for all the samples after stabilization at room temperature M 0 , and ∆M 0 , referenced to nominal temperature and calculated according to the Equation (1). All the dimensions reduce their values regarding their nominal values after stabilization at 20 • C due, mainly, to the shrinkage induced by the temperature difference between the temperature at the ejection time, and the temperature at measurement time after stabilization. During the injection molding process, shrinkage is mainly influenced by three factors: (i) the holding pressure on the compressible polymer material during the packing stage, (ii) the flow orientation during the filling stage, and (iii) the temperature difference during the cooling stage [28, 29] . All these effects lead to a global volumetric shrinkage of the component which remains constrained into the mold up to the ejection stage. Once the part is ejected, it keeps cooling until reaching room temperature (20 • C). During this time, the effect of temperature difference remains active provoking the shrinkage of the component and, thus, a decreasing of its dimensions.
Results and Discussion
Dimensions after Stabilization at Room Temperature
Dimensions reduction achieved in samples with recycled material are slightly higher for all dimensions. Ejection temperature is slightly higher for recycled material (118 • C) than raw ones (110 • C). When samples are ejected at their respective ejection temperatures and, then, freely cooled down to the room temperature (20 • C), the thermal difference is higher for recycled material than for the raw one, contributing to a higher shrinkage and, thus, higher ∆M 0 values in samples manufactured with recycled material. Although D1, D2, and D3 come from the same nominal value, they do not reach the same final dimensions. The lowest value is achieved for D1 and the highest for D3, being ∆M 0 58% higher in this case. These differences can be attributed to a differential shrinkage in different areas of the part sample caused by a differential cooling, and to different stiffness in the different part sections. Differential cooling is caused by non-uniform thickness in the sample section or by the design of the cooling system of the mold that is not capable of assuring a uniform cooling temperature along Figure 4 shows the temperature distribution at the ejection time. Most of the part surface presents a temperature around 110-120 • C. However, there are other surfaces marked as blue (60 • C) in which the temperature is lower because they are perpendicular to cooling channels and, in this case, heating extraction from the polymer core is less effective. Other surfaces that present a different temperature are the ones near the injection points, marked in yellow (165 • C), which are hotter because they are close to the polymer entrance to the mold. Sample stiffness can also vary in different sample sections where Di are measured because of the geometry features occurring in these sections. In the case of D1, the section is featured with a set of holes that makes the cross-section less stiff, leading to a higher deformation of the part. A cross-section in which D3 is measured lacks any hole, and it remains stiffer leading to a lower part deformation and a lower ∆M 0 . D4 and D5 come from the same nominal value, but the D4 dimensional variation is higher than the D5 also due to a lower stiffness in the D4 hollowed cross-section, which leads to a higher deformation. Figure 4 shows the temperature distribution at the ejection time. Most of the part surface presents a temperature around 110-120 °C. However, there are other surfaces marked as blue (60 °C) in which the temperature is lower because they are perpendicular to cooling channels and, in this case, heating extraction from the polymer core is less effective. Other surfaces that present a different temperature are the ones near the injection points, marked in yellow (165 °C), which are hotter because they are close to the polymer entrance to the mold. Sample stiffness can also vary in different sample sections where Di are measured because of the geometry features occurring in these sections. In the case of D1, the section is featured with a set of holes that makes the cross-section less stiff, leading to a higher deformation of the part. A cross-section in which D3 is measured lacks any hole, and it remains stiffer leading to a lower part deformation and a lower ∆M0. D4 and D5 come from the same nominal value, but the D4 dimensional variation is higher than the D5 also due to a lower stiffness in the D4 hollowed cross-section, which leads to a higher deformation. 
Dimensions after Storage, and Extreme Performance Conditions
As previously described, storage temperature conditions are achieved after heating the samples at M 1, and later stabilizing them at room temperature. Extreme performance conditions are achieved after heating the samples at M 2 , and later stabilizing them at room temperature. Figure 5 shows the average dimension values at M 1 and M 2 conditions for all dimensions and each type of material.
All dimensions-D1, D2, D3, D4, and D5-are reduced for both raw and recycled materials when samples are heated above room temperature and then stabilized again at 20 • C. Lower dimensions are achieved when heating them at 80 • C rather than at 50 • C. On the other hand, samples injected with recycled material reach lower dimensions than those injected with raw material for the same heating temperatures. Recycled material is subjected to two different contributions leading to higher deformations, and so, to a lower dimension value. First, higher residual stresses are achieved in recycled material, and second, they tend to have a lower Young Modulus [48, 49] . During the injection molding process, residual stresses are stored into samples due to the conformed cooling into the mold cavity until the sample is ejected. When samples are heated again, residual stresses are released, leading to dimensional changes on the sample [50, 51] . According to literature, higher residual stresses are stored in a recycled polymer than in raw materials [52] . Thus, higher stresses will be released at higher temperatures for recycled material when recycling PP, changes related to polymer structure are induced. The most relevant modification is the reduction of the length of the polymer chains [53] . The scission of the polymer changes has two main effects that contribute to a Young modulus reduction. First, molecular weight Mw is reduced as polymer chains are shorter [54] and, second, the shorter chains are now included into the amorphous phase of the polymer, leading to a decrease of the Young modulus [48, 49] .
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Dimensional Behavior after Heating
These results give us a measure of the shrinkage of these two different materials. As expected, dimension differences for samples heated up to 50 • C are lower than for samples heated up to 80 • C for both materials, raw and recycled. This is due to the higher temperature difference between 80 • C and room temperature that leads to a higher change in the sample volume regarding PVT (pressure-volume-temperature) curves [55] . For samples heated at a temperature of 50 • C, raw material samples exhibit lower differences than the recycled material ones, although for D1 and D3 the difference is very low. For samples heated at a temperature of 80 • C, recycled material samples show higher differences than the raw ones, except for D1 and D3 dimensions, in which recycled material exhibit lower changes regarding non-heated samples, especially in D3.
differences in stiffness of the cross-section can lead to these results. Dimension D3 is also the one that exhibits a lesser difference between raw and recycled material, especially with samples heated at 80 °C. Figure 6 shows dimension differences between heated samples and non-heated samples after stabilization at room temperature, and both obtained from Equations (2) and (3) for raw and recycled material. These results give us a measure of the shrinkage of these two different materials. As expected, dimension differences for samples heated up to 50 °C are lower than for samples heated up to 80 °C for both materials, raw and recycled. This is due to the higher temperature difference between 80 °C and room temperature that leads to a higher change in the sample volume regarding PVT (pressure-volume-temperature) curves [55] . For samples heated at a temperature of 50 °C, raw material samples exhibit lower differences than the recycled material ones, although for D1 and D3 the difference is very low. For samples heated at a temperature of 80 °C, recycled material samples show higher differences than the raw ones, except for D1 and D3 dimensions, in which recycled material exhibit lower changes regarding non-heated samples, especially in D3. Figure 7 shows differences of measures between samples heated at 50 °C and samples heated at 80 °C. This result obtained from Equation (4) gives information about the shrinkage behavior of the samples between two different temperatures but both above room temperature. Again, differences with raw material are lower for all the dimensions, except for D1 and D3. (4) gives information about the shrinkage behavior of the samples between two different temperatures but both above room temperature. Again, differences with raw material are lower for all the dimensions, except for D1 and D3. Residual stresses induced during the injection molding process are released when the parts are heated, leading to distortion and dimensional changes. As the heating temperature is higher (80 °C), released stresses are higher and, thus, higher dimensional changes are observed. This mechanism applies equally to recycled and raw materials. This is shown in Table 3 , where dimensional changes induced on samples subjected to a temperature difference of 30 °C are registered. It can be observed that when the temperature difference is applied between 80 and 50 °C (Figure 7 ), dimensional changes are higher than when the temperature difference is applied between 50 and 20 °C (Figure 6 ). This trend is observed for all dimensions Di measured. Residual stresses induced during the injection molding process are released when the parts are heated, leading to distortion and dimensional changes. As the heating temperature is higher (80 • C), released stresses are higher and, thus, higher dimensional changes are observed. This mechanism applies equally to recycled and raw materials. This is shown in Table 3 , where dimensional changes induced on samples subjected to a temperature difference of 30 • C are registered. It can be observed that when the temperature difference is applied between 80 and 50 • C (Figure 7 ), dimensional changes are higher than when the temperature difference is applied between 50 and 20 • C (Figure 6 ). This trend is observed for all dimensions Di measured. Given that samples manufactured with recycled material achieve lower post-processing dimensions than those injected with raw material, it is required to evaluate if the changes in dimensions are acceptable from a quality point of view. To evaluate the influence of recycled material on the process capability, parameters C p and C pk have been calculated on Table 4 . It is commonly accepted in the industry that values of 1.33 for C p and C pk are suitable to consider the process under dimensional control [41] . Therefore, it can be stated that all the dimensions are under the specifications. In the case of raw material, C pk values are 2.35 for the D1 dimension and 5.09 for D4 dimension. These values are higher enough to consider that more than 99.9999998% of the samples are within these limits [42] .
For recycled material, C pk values are 1.704 for D1 dimension and 1.715 for D4 dimension, higher than 1.33, and enough to consider that more than 99.994% of the samples are within limits [42] . Accordingly, with the results obtained in the previous section in which dimensions reduction were higher for samples manufactured with recycled material; C p and C pk values are lower, and, thus, fewer samples are into the specifications. In any case, the value is higher than 1.33 and, so, high enough to make sure the process capability. Figures 8 and 9 show distribution of the measures for samples injected with raw material. In both cases these measures are quite close around the average value, although they are not centered on the nominal value, according to previous results of reduction of the dimension values after injection molding due to a volumetric shrinkage of the samples. In any case, both dimensions remain under the specifications.
In the case of recycled material, although C pk values are quite similar for D1 and D4, their distributions are not the same as shown in Figures 10 and 11 . D1 distribution of values is much more packed around the average value of the samples and less centered on the nominal value. D4 exhibits the opposite trend, values are more dispersed from the average, but they are more centered on the nominal one. Since the value of C pk is influenced by both, dispersion and proximity to nominal values [41] , C pk for D1 and D4 remain similar although their distributions are quite different. Molding tools are usually machined with dimensions over the nominal values to try and compensate the volumetric shrinkage of the component during the cooling stage. Therefore, it is possible to obtain dimension values over and under the nominal value for a set of samples injected under the same conditions just depending on their level of volumetric shrinkage induced by the process. D4 dimension can have an over-dimension in the mold cavity higher than the ones for the D1 dimension. It implies that some of the D4 measures are likely to be higher than the nominal dimension, giving the distribution described in Figure 11 . If the overdimension for D1 is lower, it is less probable that D1 measures are over the nominal dimension, as shown in Figure 10 . than 1.33, and enough to consider that more than 99.994% of the samples are within limits [42] . Accordingly, with the results obtained in the previous section in which dimensions reduction were higher for samples manufactured with recycled material; Cp and Cpk values are lower, and, thus, fewer samples are into the specifications. In any case, the value is higher than 1.33 and, so, high enough to make sure the process capability. Figures 8 and 9 show distribution of the measures for samples injected with raw material. In both cases these measures are quite close around the average value, although they are not centered on the nominal value, according to previous results of reduction of the dimension values after injection molding due to a volumetric shrinkage of the samples. In any case, both dimensions remain under the specifications. In the case of recycled material, although Cpk values are quite similar for D1 and D4, their distributions are not the same as shown in Figures 10 and 11 . D1 distribution of values is much more packed around the average value of the samples and less centered on the nominal value. D4 exhibits the opposite trend, values are more dispersed from the average, but they are more centered on the nominal one. Since the value of Cpk is influenced by both, dispersion and proximity to nominal values [41] , Cpk for D1 and D4 remain similar although their distributions are quite different. Molding tools are usually machined with dimensions over the nominal values to try and compensate the volumetric shrinkage of the component during the cooling stage. Therefore, it is possible to obtain dimension values over and under the nominal value for a set of samples injected under the same conditions just depending on their level of volumetric shrinkage induced by the process. D4 dimension can have an over-dimension in the mold cavity higher than the ones for the D1 dimension. It implies that some of the D4 measures are likely to be higher than the nominal dimension, giving the distribution described in Figure 11 . If the overdimension for D1 is lower, it is less probable that D1 measures are over the nominal dimension, as shown in Figure 10 . 
Conclusions
A systematic analysis of the dimensional stability of raw and recycled PP under realistic long-term conditions has been carried out. Variations in key dimensions are determined under manufacturing ejection, storage, and extreme performance conditions. In all the cases dimensions are reduced regarding nominal values due to the volumetric shrinkage of the material according to PVT curves. Not all dimensions exhibit the same behavior. Differences between those with the same nominal value are reported and attributed to a differential cooling and stiffness at different sections of the sample. Scissions of the polymer chains provoke lower Young modulus and higher residual stresses, leading to lower dimensions in samples manufactured with recycled material. When samples are subjected to realistic conditions involving high temperatures (80 °C), dimensions are lowered more than for conditions at 50 °C. In all the performed tests, dimensional differences between both materials are small, showing that, for this part, recycled PP can be an alternative to raw PP, without affecting its assembly and functionality. 
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